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Abstract
We study a thin film system consisting of a superconducting and a magnetic film, where the
superconductor contains a vortex and the magnetic film a nanomagnet. We find that if the magnetic
film has planar anisotropy, the vortex induces a magnetization distribution, and its interaction with
the nanomagnet crosses over from attractive to repulsive at short distances.
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I. INTRODUCTION
The interaction between superconductivity and magnetism has been studied for sev-
eral decades. Systems composed of magnetic and superconducting materials are of in-
terest not only because they are model systems for the interplay of competing su-
perconducting and magnetic order parameters, but also because of numerous possible
applications[1, 2, 3, 4, 5, 6, 7, 8, 9, 10]. Recently, the development of magnetic thin film
technology has triggered a lot of interest in this field. Of particular importance has been the
possibility of examining the interaction between vortices and nanomagnets, and it has been
suggested that for isolated structures (e.g. a vortex close to a magnetic dot) such interac-
tions are always attractive if the polarities of the vortex and the nanomagnet are the same
(see e.g. Ref. [9] and references therein). However, when the nanomagnet is inserted in a
soft magnetic environment, new phenomena may take place due to the fact that the vortex
induces a magnetization distribution. It is our aim here to demonstrate that the interaction
between the vortex and a ’hard’ nanomagnet in a soft magnetic film with planar anisotropy
crosses over from attractive to repulsive near the core of the vortex.
To this end, consider a thin superconducting film of infinite extent, located at z=0 with
thickness d much smaller than the penetration depth of the superconductor. The surface
is covered by a uniaxial soft magnetic film with thickness comparable to or smaller than
that of the superconducting film. That is, we assume that the magnetic film consists of
surface charges separated from the superconductor by a very thin oxide layer (of thickness
t) to avoid spin diffusion and proximity effects. In general, the current density is a sum of
the supercurrents and magnetically induced currents, which can be expressed through the
generalized London equation as[9, 10]
∇× J = −
1
λ2
H +
1
λ2
V (ρ, φ)δ(z)eˆz +∇×∇×MV , (1)
where J is the current density, λ is the penetration depth, H is the magnetic field and
∇×MV is the magnetically induced current. Note that the magnetically induced currents
are included as the last term on the right-hand side of Eq. 1, and are therefore generated
in the same plane as the vortex. This is justified since we assume that the thicknesses
of both the superconducting and magnetic films are smaller than the penetration depth,
and the magnetic film is located very close to the superconductor. We will here consider a
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Pearl vortex aligned in the z direction, with a source function V (ρ) = (Φ0/µ0)δ(ρ)[11]. The
magnetizationMV is the sum of two different contributions, M I andMB.
If the vortex has planar anisotropy (i.e. the magnetization vector is in the plane of the
film in absence of magnetic fields), then the vortex induces a magnetization M I in the
magnetic film, where [10]
M I ≈Ms
(
1,
Hvz
Ha
)
. (2)
Here we denote Hvρ =
√
H2vx +H
2
vy and Hvz as the in-plane and perpendicular com-
ponents of the vortex field, and Ms the saturation magnetization of the magnetic film.
Ha = Ms − 2Ku/µ0Ms is the socalled anisotropy field, where Ku is the anisotropy constant
of the magnetic film. Here the easy axis is normal to the film surface, and we neglect the
cubic anisotropy of the system. Upon using Eq. 2, we neglect the contribution from the
exchange energy, which can be justified for the magnetic field gradients considered here.
In addition to the vortex-induced magnetization vector, there may also be ’hard’ micro-
magnetic elements, e.g. prepatterned magnetization distributions or Bloch walls, that do
not experience a significant change in their magnetization distributionMB upon interaction
with the vortex.
We are here interested in estimating the interaction between a circular symmetric mi-
cromagnetic element with perpendicular magnetization MB(ρ)eˆzδ(z) and the vortex. To
this end, it should be noted that the magnetic induction in the magnetic film is given by
BI = µ0(Hv +M I). The interaction energy is given by
E = −
∫
∞
−∞
∫
∞
−∞
MB·BId
2ρ = −µ0
∫
∞
−∞
∫
∞
−∞
MBeˆz· (Hv +MI) d
2ρ , (3)
where the vortex is assumed to be displaced a distance ρ0 from the origin of the nanomagnet.
It is clear that the radial component of the vortex-induced magnetization does not interact
withMB, since the two vectors are perpendicular to each other. However,MB does interact
with the z-component of the vortex induced field, and we find
E = −µ0
(
1 +
Ms
Ha
)∫
∞
−∞
∫
∞
−∞
MBHvzd
2ρ . (4)
Using the method of Refs. [9, 10], one finds in the cylindrically symmetric situation
E = −
µ0
2pi
(
1 +
Ms
Ha
)∫
∞
0
kV (k)
MB(k)J0(kρ0)
1 + 2λek − αk2
dk , α =
dλeMs
Ha
. (5)
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The associated lateral force can be found by taking the derivative with respect to ρ0, resulting
in
F = −
µ0
2pi
(
1 +
Ms
Ha
)∫
∞
0
k2V (k)
MB(k)J1(kρ0)
1 + 2λek − αk2
dk . (6)
At small distances (large k) the force changes sign due to the magnetically induced currents.
Let us now assume that the micromagnetic element is a magnetic dot so that MB(k) = M0
(i.e. that the magnetization distribution can be represented by a delta function), in order
to gain some insight. Then, for a Pearl vortex, the force becomes
F = −
Φ0M0
2pi
(
1 +
Ms
Ha
)∫
∞
0
k2
J1(kρ0)
1 + 2λek − αk2
dk . (7)
When the distance is small (still larger than the coherence length ξ), we may approximate
the force by
F ≈
Φ0M0
2piαρ0
(
1 +
Ms
Ha
)
, ξ < ρ≪
Ms
Ha
d . (8)
Surprisingly, we see that the force is repulsive, which is explained by the vortex-induced
magnetization distribution. Thus, we have a crossover from attraction to repulsion close to
the vortex core. For comparison, we note that in the approximation α → 0, the force is
attractive, and at small distances given by
F ≈ −
Φ0M0
4piλeρ20
(
1 +
Ms
Ha
)
, ξ < ρ≪ λe , (9)
In both cases it is interesting to note that the force is enhanced by a factor 1+Ms/Ha due to
the soft magnetic film. Therefore it should be possible to tune the interaction by changing
the uniaxial anisotropy of the magnetic film. For a magnetic dot without the magnetic film
(Ms = 0, α = 0) the force reduces to that previously studied [9]. Finally it should be
mentioned that attractive behavior also takes place at larger distances, ρ0 ≫ λe, where the
term containing α becomes unimportant.
In conclusion, we have shown that the interaction between a vortex and a hard nano-
magnet in a soft magnetic film has a change in sign when the two elements get close to each
other. This can be used to trap and expell the vortex by e.g. tuning the magnetization Ms
of the magnetic film.
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